Charge symmetry breaking contributions to the proton's neutral weak form factors must be understood in order for future measurements of parity violating electronproton scattering to be definitively interpreted as evidence of proton strangeness. We calculate these charge symmetry breaking form factor contributions using chiral perturbation theory with resonance saturation estimates for unknown low-energy constants. The uncertainty of the leading-order resonance saturation estimates is reduced by incorporating nuclear physics constraints. Higher-order contributions are investigated through phenomenological vertex form factors. We predict that charge symmetry breaking form factor contributions are an order of magnitude larger than expected from naïve dimensional analysis but are still an order of magnitude smaller than current experimental bounds on proton strangeness. This is consistent with previous calculations using chiral perturbation theory with resonance saturation.
I. INTRODUCTION
The proton's neutral weak form factors can be determined from measurements of parity violating electron-proton scattering. Assuming charge symmetry, that is invariance under an isospin rotation exchanging u and d quarks, these neutral weak form factors can be identified with a linear combination of nucleon electromagnetic and strangeness form factors. This allows measurements of parity violating electron-proton scattering to directly probe strangeness in the nucleon. Present scattering measurements do not provide conclusive evidence for nucleon strangeness, but more precise measurements are possible [1] .
Charge symmetry is slightly broken in nature by the u and d quark mass difference and by electromagnetic effects, for reviews see Refs. [2] [3] [4] [5] . When charge symmetry breaking (CSB) effects are included, there are additional contributions to the proton's neutral weak form factors [6] [7] [8] [9] . CSB effects are typically small, for example the proton-neutron mass difference is one part in a thousand, but unexpectedly large CSB contributions to the proton's neutral weak form factors could be falsely interpreted as signals of proton strangeness in future experiments. It is important to understand whether uncertainty about CSB effects limits our ability to interpret measurements of new contributions to the proton's neutral weak form factors as signals of proton strangeness.
Non-relativistic quark models predict that CSB form factor contributions vanish at zero momentum transfer and can be safely ignored at low momentum transfer [6, 7] . The more general SU (6) quark models used in Ref. [7] included CSB effects due to quark kinetic energy differences, one-gluon-exchange operators, and one-photon-exchange operators. Additional CSB form factor contributions involving the pion cloud of the nucleon arise in chiral perturbation theory (χPT). Lewis & Mobed considered one-pion-exchange contributions in heavy baryon chiral perturbation theory (HBχPT), shown diagrammatically in Fig. 1 , where CSB effects result from the proton-neutron mass difference [8] . An unambiguous HBχPT prediction for the CSB contribution to the neutral weak magnetic form factor could not be made because a counterterm unconstrained by symmetry or experiment contributes at leading-order (LO) in chiral power counting.
A prediction based upon χPT requires a model estimate of this unconstrained counterterm. Kubis & Lewis (KL) used the resonance saturation technique of Ecker et al. [10] to provide such a model estimate. Combining this estimate with calculations in HBχPT and infrared-regularized baryon chiral perturbation theory, KL predicted a CSB magnetic moment contribution of 0.025 ± 0.02 including resonance parameter uncertainty [9] . This effect is an order of magnitude smaller than current experimental uncertainties in nucleon strangeness measurements, but it is larger than predictions based on non-relativistic quarks models or naïve dimensional analysis involving the proton-neutron mass difference.
In this work we revisit CSB contributions to the proton's neutral weak form factors using a relativistic form of χPT, resonance saturation, and nuclear physics constraints. Sec. II A presents a LO calculation of the CSB form factors in relativistic χPT. Higher order effects are investigated in this framework through phenomenological vertex form factors discussed in Sec. II B. Estimation of the unconstrained counterterm through resonance saturation is discussed in Sec. II C. Sec. III argues that the ω-nucleon coupling constant g ω ∼ 42 used by KL is incompatible with experimental constraints on the 3 He-3 H binding energy difference and presents numerical results incorporating these constraints. Our results for the CSB form factors are summarized and relativistic and heavy baryon results are compared in Sec. IV.
II. FORMALISM
Without assuming charge symmetry, the proton's neutral weak form factors G p,Z are given by [1] 
where q µ = p µ − p µ is the momentum transferred to the nucleon and Q 2 = −q 2 . G represents electric or magnetic Sach's form factors for a particular matrix element, denoted by a superscript. The electric and Sach's form factors for a given matrix element are defined in terms of the corresponding Dirac and Pauli form factors by 
If charge symmetry holds, the right hand side of Eq. (3) vanishes. For comparison note that
in the notation of KL.
A. Baryon Chiral Perturbation Theory
Form factors and other hadronic observables can be systematically described by effective field theories (EFTs) such as HBχPT [11] [12] [13] [14] . In HBχPT the infinite set of pion and nucleon interactions consistent with the symmetries of QCD are organized according to a power counting scheme where for example pion momenta and quark masses are treated as light energy scales, for reviews see Refs. [15] [16] [17] . Contributions to observables at each expansion order generally include tree-level contributions from operators of that order and loop-level contributions involving lower order operators. Each operator is parametrized by a low-energy constant (LEC) that can in principle be calculated from QCD. While efforts to compute LECs from lattice QCD are promising, most LECs are still determined phenomenologically by matching calculated observables to experimental data. Without sufficient data these LECs must be estimated through techniques such as resonance saturation or naïve dimensional analysis.
In relativistic baryon chiral perturbation theory (RBχPT), loop contributions to observables can include pieces that violate HBχPT power counting.
1 RBχPT and HBχPT give 1 An approach called infrared regularization consistently reabsorbs these pieces into the LECs of the theory in order to give a manifestly relativistic theory the power counting scheme of HBχPT [18] . In this paper we use RBχPT to refer to theories that do not remove loop contributions that violate HBχPT power counting. Infrared-regularized loop contributions match HBχPT loop contributions up to higher-order terms by construction and we will therefore not distinguish between infrared regularized and HBχPT results.
identical predictions for physical observables but may have different divisions between loop and counterterm contributions to observables. Comparing the loop contributions to the CSB form factors in RBχPT and HBχPT probes the sensitivity of this loop/counterterm division to changes in the ultraviolet treatment of the theory that may not be captured by model counterterm estimates. The loop contribution to the CSB magnetic moment is renormalization scale dependent in HBχPT but not in RBχPT, and so this comparison probes the sensitivity of the loop/counterterm division at the particular renormalization scale chosen according to resonance saturation prescriptions. By HBχPT power counting arguments clearly reviewed in Ref. [9] , the LO contributions to the CSB form factors come from the diagrams of Fig. 1 . In HBχPT the only next-to-leadingorder (NLO) contributions to G CSB M come from Fig. 1 (b) with a nucleon electromagnetic tensor coupling. We have computed the NLO tensor contributions in RBχPT and found them to be numerically subleading (∼ 10% of LO results). However, NLO power counting can be ambiguous in RBχPT and in particular there are NLO contributions from two loop diagrams that vanish in HBχPT but might have power counting violating contributions in RBχPT. These contributions could lead to renormalization of the unconstrained counterterm at NLO in RBχPT. Better estimates for the size of higher-order RBχPT corrections will be discussed in Sec. II B and in this section we will only describe a RBχPT calculation at LO.
The chiral Lagrangian pieces required for a calculation of the CSB form factors are given in a compact relativistic notation in Ref. [9] and in heavy baryon form in Ref. [8] . The necessary pion-nucleon Lagrangian is given in more pedestrian notation by
where N = (p, n) T is an isospinor representing the nucleon fields, Q = diag(e, 0) is the nucleon charge matrix, A µ and F µν = ∂ µ A ν − ∂ ν A µ are the usual photon field and field strength tensor, m N = 938.9187125 (21) MeV is the average nucleon mass, g A = 1.2701 (25) is the axial charge of the nucleon, f π = 92.21 (14) MeV is the pion decay constant, π a is an isovector of pion fields, the τ a are Pauli matrices acting in isospin space, and ∆m N = m n − m p = 1.2933322(4) MeV is the nucleon mass splitting [19] . Finally κ / s and κ / v parametrize the unconstrained CSB counterterm
The only pieces of the pion-photon Lagrangian needed for our purposes are
where m π = 139.57018 (35) MeV is the (charged) pion mass [19] .
Using standard techniques 2 we can express the CSB form factors of Eq. (3) as
The integrals appearing in this expression are
, (8b)
where m I and m E denote masses of internal and external nucleons respectively and k ⊥ = (k 1 , k 2 ). We denote Q 2 = 0 subtractions with a tilde, i.e.
The renormalization condition F p 1 (0) = 1 dictates F CSB 1 (0) = 0. We perform integrals over k ⊥ analytically with dimensional regularization and perform the remaining integrals over x and a Feynman parameter numerically.
2 Some tedious Dirac algebra can be simplified by noting that expressions involving the pseudovector couplings of the chiral Lagrangian can be reduced to expressions involving only pseudoscalar couplings through the light front coordinate identity
The second term does not contribute to the form factors in either diagram. This technique is used for instance in Ref. [20] .
B. Including Form Factors
The NLO contributions to G CSB M computed in Refs. [8, 9] give significant corrections to LO results. The size of further higher-order corrections can be investigated with phenomenological vertex form factors that effectively describe resummations of infinite classes of vertex corrections. Pion electroproduction measurements provide a ππγ form factor [21, 22] 
where q µ is the momentum carried by the photon at the vertex and as usual Q 2 = −q 2 . This form factor can be included by simply multiplying J 1 and J 2 by F π (Q 2 ) in Eq. (7). More subtleties arise in constructing a πN N form factor. Precise measurements of the pion-nucleon coupling constant are difficult, see for example Ref. [23] , and we will not attempt to extract a ππN form factor directly from pion-nucleon scattering measurements. Instead we consider the nucleon axial current matrix element, which can be accurately measured in neutrino scattering experiments. Chiral symmetry dictates that this matrix element is parametrized by axial vector and pseudoscalar form factors G A and G P . Neutrino scattering measurements do not distinguish between axial vector and pseudoscalar effects, and so for analysis of these measurements the axial current matrix element as a whole is parametrized in terms of G A through a tree-level χPT (partially-conserved axial current) relation as
where A µ a is an isovector axial current. The matrix element of ∂ µ A µ a is connected to the matrix element of a pseudoscalar source such as a pion field through a chiral Ward identity [16] . Comparing this pseudoscalar parametrization with the explicit divergence of the form above, we have
Analysis of nucleon-neutrino scattering experiments shows that the axial current matrix element is well approximated by a dipole parametrization. With the above relation this parametrization gives a πN N form factor [24] 
M A = 1.00 ± 0.02 GeV. (13) 3 Since we are considering charge symmetry breaking in this paper we should in principle include a CSB tensor operator usually called a second class current. The point is that the experimental measurements discussed do not distinguish between axial, induced pseudoscalar, and second-class currents and so the precise division is unimportant for our purposes.
This parametrization reduces to the Goldberger-Treiman relation G πN N (0) = g A m N /f π = 12.93 at Q 2 = 0 and predicts g πN N ≡ G πN N (−m 2 π ) = 13.39 ± 0.02. This is consistent with measurements of the Goldberger-Treiman discrepancy [25] .
Immediately including G πN N as a vertex form factor would lead to the unacceptable prediction that electromagnetic neutrality of the neutron is violated by higher-order vertex corrections. Other higher-order effects must be included to restore gauge invariance. Fig. 1(a) only receives non-vanishing contributions when the internal nucleon propagator is on-shell, 4 and so we take G πN N as our vertex form factor for this diagram. Demanding that the sum of Fig. 1(a) and Fig. 1(b) preserves gauge invariance constrains the πN N form factor included in Fig. 1(b) to be identical to the πN N form factor in Fig. 1(a) when both are expressed as functions of their corresponding integration variables x, k ⊥ .
The loop momentum variables of the two diagrams are simply related in the Drell-YanWest frame, in which
where q + = q 0 +q 3 , q − = q 0 −q 3 , etc. express momenta in light-front coordinates. Kinematic simplifications in this frame allow us to conveniently express form factors for both diagrams in terms of the corresponding loop momentum k π or k N or in terms the common integration variables x, k ⊥ . Noting that in Eq. (8) the integration variable x is defined as k Fig. 1(a) and k Fig. 1(b) , our πN N vertex form factor is given by
Fig. 1(b).
Form factors for each vertex F πN N (x, k ⊥ ) and F πN N (x, k ⊥ + q ⊥ ) should be inserted in the three dimensional integrals of Eq. (8) since inserting them in the original four dimensional loop integrals adds unphysical propagator poles.
C. Resonance Saturation
A predictive calculation of the CSB form factors requires a model estimate of the unconstrained counterterm κ CSB CT . The resonance saturation technique provides such a model estimate [10] . Resonance saturation involves adding heavier resonance fields to an EFT and 4 This can be easily seen in light-front coordinates. Unless the momentum k π of the internal pion satisfies 0 < k identifying contributions from unconstrained operators in the EFT with contributions from resonance operators in the extended theory.
Resonance saturation assumes that unknown LECs encoding physics beyond the original EFT are well-approximated by the coefficients resulting from integrating out a set of resonance fields. There is no consistent power counting scheme for loop-level resonance effects, and only tree-level resonance exchange is typically included in resonance saturation estimates. The dominance of tree-level contributions is supported by for example large N c arguments, but loop-level contributions are not parametrically suppressed within the chiral expansion [26] . There may be ultraviolet physics encoded in LECs that is not captured by a model of tree-level resonance exchange. Resonance saturation therefore provides model estimates for LECs that are not guaranteed to be accurate up to parametrically small errors.
Resonance saturation has been shown to work well in practice for many LECs in mesonic χPT and in HBχPT. Nucleon magnetic moments were shown in Ref. [27] to be well saturated by the effects of ρ and ω resonance exchange in accordance with the idea of vector-meson dominance. Nucleon isoscalar electric and magnetic radii are also well-described by vectormeson resonance effects, though isovector radii are not accurately described [28] . It is possible that CSB contributions from ρ and ω mesons will saturate electromagnetic radii better than isospin conserving radii because contributions from heavier resonances are suppressed by additional powers of resonance masses in the CSB case [9] .
The lightest resonance contributions to G CSB arise from mixing between the isovector ρ and isoscalar ω mesons. Tree-level diagrams describing this process are shown in Fig. 2 . The vector mesons carry the small momentum q µ and so the meson-nucleon couplings can be organized in a derivative expansion. It is convenient to represent interacting, massive spin 1 fields with antisymmetric tensors [10] . With this representation, the leading contributions to F arise from meson-nucleon couplings with zero and one derivative respectively. The Lagrangians describing these interactions and the leading meson-photon couplings are where F ω ∼ 45.7 MeV and F ρ ∼ 152.5 MeV are vector meson decay constants, m V ∼ m ρ ∼ 770 MeV is the chiral limit vector meson mass, and g ρ , g ω , κ ρ , and κ ω are coupling constants discussed in the next section. With these interactions and the empirical ρ − ω mixing amplitude given by [29] Θ ρω = (−3.75 ± 0.36
the CSB form factor contributions from ρ − ω mixing are given by
in agreement with KL. Details of computing Feynman diagrams with antisymmetric tensor fields are given in Ref. [10] . We will denote the resonance counterterm contribution by κ mix = F CSB 2 (0) ρ−ω . The resonance scale m V is conventionally used as the renormalization scale when matching the scale dependent counterterm in HBχPT with the scale independent resonance estimate. The assumption of resonance saturation is κ CSB CT (m V ) κ mix .
III. RESULTS
The large uncertainty in the NLO HBχPT result G CSB M (0) = 0.025 ± 0.02 of KL is almost entirely due to uncertainty in dispersive extractions of κ ω = 0.37 ± 0.21. The effect of this uncertainty in κ ω is enhanced by the large value g ω ∼ 42 that KL take from the dispersion analysis of Refs. [30] [31] [32] . This is larger than values g ω ∼ 11 − 16 frequently used in nuclear scattering calculations and in fact leads to predictions of a large 3 He-3 H binding energy difference incompatible with experimental constraints. The 3 He and 3 H nuclei are related by charge symmetry. Of the observed 764 keV binding energy difference between the nuclei, most can be explained by Coulomb energy differences (648 keV), electromagnetic radiative corrections (29 keV), and mass differences in kinetic energy contributions (14 keV); see Ref. [33] and references therein for discussion of these contributions. The remaining 73 ± 22 keV difference arises from nuclear CSB effects.
The ρ − ω mixing binding energy contribution was first analyzed by Coon & Barrett [34] . With g ω ∼ 16, tree-level resonance exchange gives rise to a CSB N N potential that reproduces the empirical binding energy difference. While the exact magnitude of the contribution depends on phenomenological potential model assumptions, the consistency of ρ − ω mixing contributions with the observed 73 ± 22 keV difference from nuclear CSB effects has been reproduced many times with different potentials [3, 4] .
Using g ω ∼ 42 in Coon & Barrett's calculation leads to predictions of a much larger binding energy difference. This could be consistent with experiment only if there are cancellations between ρ−ω mixing and other CSB effects. The results of Refs. [33, 35] demonstrate that such cancellations do not occur in HBχPT with resonance saturation. In HBχPT, ρ−ω mixing gives a resonance contribution to a CSB 4N contact operator. The leading order CSB N N potential is given by this contact contribution plus one pion exchange diagrams containing a poorly constrained CSB πN N coupling. Van Kolck, Friar and Goldman estimate this LEC with resonance saturation [35] and with this estimate the one pion exchange contribution is roughly ∼ 18 keV. At NLO there are numerically significant two pion exchange contributions that Friar et al. estimate to contribute another ∼ 11 keV [33] .
To this order the remaining 44 ± 22 keV can be attributed to the 4N contact term, which should be dominated by the same resonance effects that dominate the CSB form factor counterterm. Since the other LO and NLO contributions are positive, the ρ − ω mixing contribution must be strictly smaller than the measured binding energy difference. Demanding that the ρ − ω mixing contribution saturates the empirical 73 ± 22 keV biding energy difference therefore gives a conservative upper bound on the size of the mixing contribution. Keeping the other resonance parameters fixed at the average values of the dispersion analyses considered by KL, shown in Table I upper bound at g ω < ∼ 19 ± 5. Our LO results for the CSB form factors include both the loop contributions of Eq. (7) and the counterterm contribution estimated by resonance saturation. The predictions for the CSB magnetic moment and electric and magnetic radii are shown in Table II with both the value g ω = 42 taken from dispersion analysis and the value g ω = 19 taken from nuclear scattering constraints. Strictly speaking only the Q 2 = 0 resonance contribution should be counted as LO, but the higher-order contributions found by including the full Q (Q 2 ) ρ−ω in Eq. (19) are numerically significant and we include them in our results. The loop contributions are also shown in Table II both with and without phenomenological form factor effects, but it should be kept in mind that only loop plus counterterm contributions are physical. The full Q 2 dependence of our results is shown in Fig. 3 .
The full uncertainty of our calculation includes both uncertainty in resonance parameters and uncertainty due to neglecting higher-order effects. The form factors in Eq. (10) [8, 9] . We take |∆G CSB (Q 2 )|, the magnitude of the difference between the CSB form factors with and without phenomenological vertex form factors, to roughly characterize the size of higher-order corrections to the LO result. The effects of including this as a measure of higher-order term uncertainty alongside resonance parameter uncertainty is shown in Fig. 4 .
IV. SUMMARY AND DISCUSSION
Our principal result is that charge symmetry breaking effects are too small to influence the extraction of nucleon strangeness measurements from parity violating electron-proton scat- 
FIG. 4:
The CSB form factor contributions including uncertainty estimates for resonance parameters and for contributions beyond LO. The darker purple regions include only resonance uncertainty and are identical to the blue regions in Fig. 3 . The lighter blue regions additionally include an estimate of higher-order term uncertainty as characterized by phenomenological vertex form factors. This estimate is found by considering G CSB ± ∆G CSB , where ∆G CSB is the difference between the CSB form factors with and without phenomenological vertex form factors. This estimate of
RBχPT and HBχPT must give predictions for physical observables that agree up to higher-order errors once loop and counterterm contributions are included. It is encouraging to see that this agreement is achieved when using resonance saturation estimates for the counterterm contributions. A model independent chiral prediction for the CSB form factors still requires direct constraints on the counterterm contribution from experiment or QCD, but our investigations have found no reason to doubt the consistency of CSB form factor predictions using chiral loops and resonance saturation counterterms.
